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The effect of static stress perturbations due to an intermediate depth intraslab earthquake on seismic cycles of
large interplate earthquakes at a subduction zone is examined through a numerical simulation using a laboratory-
derived friction law. The frictional stress on a plate interface in a two-dimensional uniform elastic half-space
model is assumed to obey a rate- and state-dependent friction law, and the plate interface is loaded by a steady
plate motion, resulting in recurrence of large interplate earthquakes in the model. Static stress perturbations on
the plate interface due to an intermediate depth intraslab earthquake with reverse fault type is introduced to the
model. This model is set up so as to simulate seismic cycles at the Miyagi-Oki subduction zone, northeastern
Honshu, Japan, where a large interplate earthquake is expected to occur and an intraslab earthquake of M = 7.1
took place in May, 2003. The simulation result indicates that the static stress changes due to the intraslab earthquake
promote slip just below the interplate seismogenic zone, accelerating aseismic sliding there. This aseismic sliding
generates stress concentration at the bottom of the seismogenic zone, often advancing the occurrence time of the
next interplate earthquake. The shear-stress increases at aseismic slip regions with velocity-strengthening frictional
property cannot be held and then aseismic sliding should take place to relax the increased stress. The present
simulation result suggests that the promotion of aseismic sliding around the source area is important for evaluating
the triggering effects of earthquakes. The conventional Coulomb failure stress approaches to the evaluation of the
effect of static stress changes on seismic activity may be insufﬁcient when static stress changes inﬂuence aseismic
slip rates.
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1. Introduction
A large intraslab earthquake (M = 7.1) of reverse fault
type occurred onMay 26, 2003, off Miyagi prefecture, north-
eastern Honshu, Japan (e.g., Okada and Hasegawa, 2003).
Its location is close to the source area of the hypothetical
Miyagi-Oki interplate earthquake (Fig. 1), where interplate
earthquakes of M ∼ 7.5 are thought to have recurred at an
average interval of 37.1 years (Earthquake Research Com-
mittee, 2000). The preceding Miyagi-Oki interplate earth-
quake of M = 7.4 in June, 1978, followed two large intraslab
earthquakes of M = 5.8 in June, 1977, and of M = 6.7 in
February, 1978 (Takagi, 1980; Choy and Boatwright, 1982).
The effect of the intraslab earthquake in May, 2003, on the
occurrence of the expected Miyagi-Oki interplate earthquake
was examined by calculating static stress changes on the hy-
pothetical source area of the Miyagi-Oki interplate earth-
quake (e.g., Toda et al., 2003). In these studies the changes
in the Coulomb failure stress due to coseismic slip were eval-
uated to ﬁnd that the stress changes were too small to trigger
the interplate earthquake. Although this approach using the
Coulomb failure stress has been successfully applied to ex-
plaining seismicity changes following large earthquakes and
migration of large earthquakes (e.g., Stein et al., 1997; King
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and Cocco, 2001; Toda et al., 2002), the occurrence of aseis-
mic sliding is neglected in these studies. Recent geodetic
studies clearly indicate that large earthquakes are often fol-
lowed by aseismic sliding around the source area of coseis-
mic slip (e.g., Heki et al., 1997; Nishimura et al., 2000).
Postseismic sliding was estimated for the 1978 Miyagi-Oki
interplate earthquake from leveling and tidal data (Ueda et
al., 2001). Furthermore, Miura et al. (2003) detected with
GPS postseismic sliding following a smaller interplate earth-
quake (M = 6.3) in November, 2002, near the hypothetical
source area of the Miyagi-Oki earthquake. In California, the
creep rate along the San Andreas fault was changed due to
nearby earthquakes as found from creepmeter observations
(e.g., Simpson et al., 1988). Creep events may trigger some
earthquakes in California (Thurber and Sessions, 1998). A
change in aseismic slip rate inﬂuences stress ﬁeld in the
neighborhood, possibly triggering earthquakes. Kato and Hi-
rasawa (2000) conducted a numerical simulation study on the
effect of an outer rise earthquake on seismic cycles of inter-
plate earthquakes at a subduction zone, assuming rate- and
state-dependent friction on the plate interface. They found
that the change in aseismic slip rate at the shallower aseismic
zone due to the outer rise earthquake signiﬁcantly affects the
occurrence time of the next interplate earthquake.
In the present paper, adopting an approach similar to Kato
and Hirasawa (2000), I perform a numerical simulation of
seismic cycles of interplate earthquakes at a subduction zone
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Fig. 1. Map showing the epicenters (starts) and the source areas of the Miyagi-Oki earthquakes of 1936 (M = 7.5; gray) and 1978 (M = 7.4; black)
estimated by Yamanaka and Kikuchi (2004), and the epicenters of recent large earthquakes off Miyagi prefecture, northeastern Honshu, Japan.
to investigate the effect of an intermediate depth intraslab
earthquake. The model parameters used in the simulation
are appropriate for the Miyagi-Oki subduction zone so that
the simulation results may give some insight into a forecast
for the next Miyagi-Oki interplate earthquake.
2. The Model for Repeating Interplate Earth-
quakes
We set up a two-dimensional model of a subduction zone
with a plate interface in a uniform elastic half-space (Fig. 2).
On the plate interface at depths below 85.5 km, I assume
stable sliding with a sliding rate equal to the relative plate
speed Vpl = 0.08 m/yr at the Miyagi-Oki subduction zone
(Seno et al., 1996). On the shallower parts of the plate
interface, the frictional stress complies with a rate- and state-
dependent friction law, which was developed by Dieterich
(1979) and Ruina (1983) on the basis of experimental results
of rock friction and was used in simulation studies of seismic
cycles by many authors (e.g., Tse and Rice, 1986; Stuart,
1988; Kato and Hirasawa, 2000; Kuroki et al., 2002).
The plate interface where the friction law is assumed is
divided into a number of cells each with uniform slip. The
shear stress τi and the normal stress σi acting at the center of












Ji j (u j − Vpl t) + σ ini ti + Qi , (2)
where Ki j and Ji j are static shear and normal stresses, re-
spectively, at the i th cell due to unit slip on the j th cell and
given theoretically by Rani and Singh (1992), u j is the slip
amount on the j th cell, σ ini ti is the initial normal stress, Pi
and Qi are the shear and normal stresses caused by an in-
traslab earthquake, G is rigidity, and β is the S-wave speed
of the medium. The third term on the right-hand side of (1) is
introduced to represent shear-stress reduction during seismic
slip. This enables us to simulate quasi-dynamic high-speed
seismic rupture (Rice, 1993).
There are several versions of rate- and state-dependent
friction law. In this study I use the composite law proposed
by Kato and Tullis (2001, 2003) because it better ﬁts exper-
imental data of rock friction at a wide range of conditions
than the other laws. The frictional stress τ is expressed by
τ = μσ, (3)



















where μ is a friction coefﬁcient, θ is a state variable repre-
senting a contact state of fault surfaces or an internal struc-
ture of a gouge zone between fault surfaces, μ∗, a, b, L and
Vc are constants. V∗ is arbitrarily chosen reference velocity
and is equal to Vpl in this study. μ∗ is the friction coefﬁcient
when V = V∗ and θ = L/V∗ and is assumed to be 0.6 in
the present model. Vc is taken to be 10−8 m/s following Kato
and Tullis (2001, 2003). Friction parameters a, b and L con-
trol the sliding behavior of a fault. The steady-state friction
coefﬁcient μss may be deﬁned for dθ/dt = 0, and μss shows
velocity weakening for a −b < 0 and velocity strengthening
for a − b > 0. For velocity-weakening friction (a − b < 0),
the shear strength decreases with an increase in sliding veloc-
ity, leading to unstable (seismic) slip. On the other hand, for
velocity-strengthening friction (a − b > 0), aseismic sliding
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Fig. 2. Two-dimensional model of a subduction zone for the present numerical simulation. A straight fault with a dip angle of 20◦ is regarded as a plate
interface. Stable sliding with a sliding rate of 0.08 m/yr is assumed on the plate interface deeper than 85.5 km, while frictional stress following a rate-
and state-dependent friction law is applied on the shallower part of the plate interface. The thick-line part indicates the region with velocity-weakening
(a − b < 0) frictional property, where seismic slip may take place. Points 1 to 6 are observation points of slip histories in Figs. 10 and 11.
occurs. From a theoretical stability analysis with a single-
degree-of-freedom spring block system, Ruina (1983) indi-
cated that unstable slip may occur when a − b < 0 and the
spring stiffness is smaller than the critical stiffness given by
kc = (b − a)σ/L . (6)
For a ﬁnite length fault in an elastic medium, an effective
stiffness may be deﬁned by the ratio of slip induced shear-
stress change τ to slip amount u : kef f = τ/u (e.g.,
Dieterich, 1992). For an in-plane shear crack in a Poission
solid, kef f is given by
kef f = 4G/3l, (7)
where l is the length of the fault. When kef f is equal to kc,
the fault length at this time gives the minimum fault length




(b − a)σ L . (8)
Rice (1993) showed that the cell size h in numerical compu-
tations must be sufﬁciently smaller than h∗ to avoid numeri-
cal instability. In the present simulation h ranges from 50 m
to 1 km, and h/h∗ is always smaller than 0.01.
The variation with depth of a and b assumed in the present
model is shown in Fig. 3, and L = 10 mm independent
of depth. Laboratory studies indicate that a and b depend
on experimental conditions such as rock type, gouge mate-
rial between sliding surfaces, and temperature (e.g., Marone,
1998). The depth proﬁle in Fig. 3 is similar to laboratory data
(e.g., Blanpied et al., 1995) and to those assumed in numer-
ical simulations of seismic cycles at subduction zones (e.g.,
Stuart, 1988; Kato and Hirasawa, 2000; Kuroki et al., 2002).
The assumed frictional property shows velocity weakening
(a − b < 0) at depths between 28.33 km and 51.82 km,
which is approximately consistent with the source region
of the 1978 Miyagi-Oki interplate earthquake estimated by
Aida (1978) and Seno et al. (1980). Off Miyagi prefecture,
large earthquakes have occurred also at shallower parts of
the plate interface (Kawakatsu and Seno, 1983; Earthquake
Research Committee, 2000), and therefore there must be an-
other a − b < 0 region at shallower parts. In this study,
Fig. 3. The variation with depth of friction parameters a, b, and a − b
assumed in the present model.
however, I neglect this shallower sesimogenic zone for sim-
plicity.
The lithostatic pressure and the hydrostatic pore pressure
are assumed for the initial effective normal stress σ ini t :
σ ini t = (ρ − ρw)gy, where ρ = 2.8 × 103 kg/m3, ρw =
1.0 × 103 kg/m3, g = 9.8 m/s2, and y is depth. Elastic
property of the medium is as follows: the rigidity G = 30
GPa, the Poission ratio ν = 0.25, and the S-wave speed
β = 3.27 km/s.
The initial condition is that stable sliding with a sliding
rate of 0.1Vpl occurs on the entire plate interface. Slid-
ing process is simulated by numerically solving (1)–(5) with
a Runge-Kutta method (Press et al., 1992). After transi-
tional sliding behavior caused by the artiﬁcial initial con-
dition, simulated interplate earthquakes regularly occur at
a recurrence interval of 36.9 years, which agrees well with
the estimated recurrence interval 37.1 years of large inter-
plate earthquakes off Miyagi prefecture from last six earth-
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Fig. 4. Static shear (solid lines) and normal stress (dotted lines) changes
on the plate interface due to intraslab earthquakes assumed in the present
simulation (Table 1). The distance along the plate interface is measured
from the trench. The shaded area indicates the seismogenic region on a
plate interface with velocity-weakening (a − b < 0) frictional property.
Numerals 1 to 6 denote the locations of observation points of slip in
Figs. 10 and 11.
quakes (Earthquake Research Committee, 2000). The aver-
age seismic slip amount at the a − b < 0 region of each
simulated earthquake is 2.4 m, where seismic slip is deﬁned
for simplicity slip with slip rate equal to or greater than 10
mm/s. This cosesimic slip amount is roughly consistent with
1.9–2.4 m of the 1978 Miyagi-Oki interplate earthquake es-
timated by Seno et al. (1980) and 2.3 m at an asperity by
Yamanaka and Kikuchi (2004) from seismic wave modeling
or 2.0 m from tsunami wave modeling by Aida (1978).
3. The Effect of an Intraslab Earthquake
3.1 Simulation results
The effect of an intermediate depth intraslab earthquake
is examined by imposing static stress perturbation caused by
the earthquake to the seismic cycle simulation of interplate
earthquakes. The static shear and normal stress changes are
expressed by Pi and Qi in (1) and (2), respectively. The
source parameters of intraslab earthquakes with the dip angle
of 70◦ used in the simulation are shown in Table 1, and
the fault locations are illustrated in Fig. 2. The hypocenter
is located at the midpoint of the fault for each case, and
pure dip slip is assumed to be uniform over the fault. The
distances between the hypocenters and the plate interface
are the same for all the cases. The assumed parameters
of Case 1 are similar to those of the M = 7.1 Miyagi-
Oki intraslab earthquake of May 26, 2003 (e.g., Okada and
Hasegawa, 2003; Yamanaka and Kikuchi, 2003). Figure 4
shows static shear and normal stresses on the plate interface
caused by the intraslab earthquakes in Table 1, where shear
stress in slip direction and compression of normal stress are
taken to be positive. These stresses are calculated by using
analytical expressions for stresses due to dip slip (Rani and
Singh, 1992). The average stress drop at the a − b <
0 region on the plate interface of the simulated interplate
Fig. 5. Schematic history of coseismic slip on the plate interface. Ti is the
time interval between EQ(i − 1) and EQ(i), and ui is the coseismic slip
amount of EQ(i). An intraslab earthquake takes place at the time Tsl from
the occurrence of EQ1.
Fig. 6. The time interval from the occurrence of an intraslab earthquake to
the next interplate earthquake EQ2 versus Tsl/T1. A straight solid line
indicates the time if the occurrence time of EQ2 is not affected by the
intraslab earthquake.
earthquake is 1.4 MPa. For Cases 1, 2, 3, 5, and 6, the
static stress changes at the a − b < 0 region are much
smaller than the stress drop of the interplate earthquake,
because the source locations are under the deeper extension
of the seismogenic plate interface. For Case 4, the static
stress changes are relatively large at the a − b < 0 region
because the intraslab earthquake in Case 4 is just under the
a − b < 0 region. It should be remarked that the 2003
Miyagi-Oki intraslab earthquake is not located at a simply
deeper extension of the source area of the 1978 Miyagi-Oki
interplate earthquake as shown in Fig. 1. Their epicenters are
separated about 30 km in the direction parallel to the trench
axis. Accordingly, the stress changes for Case 1 in Fig. 4
may be too large to evaluate the effect of the 2003 Miyagi-
Oki intraslab earthquake on the next Miyagi-Oki interplate
earthquake. This should be taken into consideration in the
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Table 1. Parameters of intraslab earthquakes in simulations.
Model x (km) y (km) fault length (km) slip (m)
1 160.0 70.0 15.0 1.0
2 160.0 70.0 10.0 0.667
3 160.0 70.0 5.0 0.333
4 110.0 51.80 15.0 1.0
5 180.0 77.28 15.0 1.0
6 200.0 84.56 15.0 1.0
x , y; the location of midpoint of the fault in the xy-coordinates in Fig. 2.
interpretation of the simulation result.
The stress changes due to an intraslab earthquake are in-
troduced in the seismic cycle simulation for interplate earth-
quakes. Figure 5 schematically shows the history of inter-
plate earthquakes. The simulated interplate earthquakes are
named EQ0, EQ1, EQ2, and so forth. ui is the coseismic
slip amount of EQ(i), where coseismic slip amount is the
average one over the a − b < 0 region. The time interval
between EQ(i − 1) and EQ(i) is denoted by Ti . At time Tsl
from EQ1, an intraslab earthquake is generated. As shown
in the preceding section, large interplate earthquakes regu-
larly occur in the simulation before the intraplate earthquake
and T1 = 36.9 years and u0 = u1 = 2.4 m. The stress
perturbations due to an intraslab earthquake may disturb the
regular occurrence of interplate earthquakes. I measure the
time to EQ2 from the intraslab earthquake, time intervals T2
and T3, and the coseismic slip amounts u2 and u3 to examine
the effect of an intraslab earthquake, varying Tsl to see the
time dependent effect since frictional strength is dependent
on time.
The time to EQ2 from the occurrence of an intraslab earth-
quake is plotted against Tsl/T1 in Fig. 6, where the solid line
indicates the time to EQ2 for no intraslab earthquake (T2 =
T1). For Tsl/T1 >∼ 0.22 in Case 1 and for Tsl/T1 >∼ 0.36
in Case 2, the times to EQ2 from the occurrence of an in-
traslab earthquake are about 0.5 years and 2 years, respec-
tively, independent of Tsl/T1. In Cases 1 and 2, an intraslab
earthquake increases shear stress at the deeper end of seis-
mogenic zone with velocity-weakening (a − b < 0) fric-
tional property, where an interplate earthquake is nucleated,
and at a region just below the seismogenic zone (Fig. 4).
The shear-stress increase at this region may affect the nucle-
ation of seismic rupture of an interplate earthquake as dis-
cussed in the next subsection, resulting in signiﬁcantly ear-
lier occurrence of the next interplate earthquake (EQ2). For
Tsl/T1 = 0.08 in Case 1 and Tsl/T1 = 0.22 in Case 2, the
occurrence time of the next interplate earthquake (EQ2) from
an intraslab earthquake is delayed in spite of the shear-stress
increase at the nucleation region of an interplate earthquake.
The cause of this delay will be discussed also in the next
subsection. In Case 3, where the location of an intraslab
earthquake is the same as those for Cases 1 and 2 but with a
smaller magnitude, the time to EQ2 from an intraslab earth-
quake is scattered around the no intraslab earthquake line,
that is T2 ≈ T1, probably because the stress changes due to
an intraslab earthquake are too small to signiﬁcantly affect
the next interplate earthquake. In Case 4, the perturbations
in stresses due to an intraslab earthquake are relatively large
Fig. 7. The time intervals of successive interplate earthquakes T2 (solid
circles) and T3 (open circles), normalized by T1, versus the occurrence
time of an intraslab earthquake Tsl normalized by T1 for Case 1.
at the interplate seismogenic zone with velocity-weakening
frictional property (Fig. 4) because the intraslab earthquake
is located just under the seismogenic zone (Fig. 2). The peak
shear stress amounts to about 0.3 MPa, about 20% of the av-
erage stress drop of EQ1. However, the time to EQ2 from
the occurrence of an intraslab earthquake in Case 4 devi-
ates little from the line of no effect of intraslab earthquake
as shown in Fig. 6. This is probably because the spatial dis-
tribution of the stress changes is not uniform and aseismic
sliding is not promoted by the stress changes at the locked
plate interface with velocity-weakening (a−b < 0) frictional
property. In Cases 5 and 6, where the locations of intraslab
earthquakes are deeper than that of Case 1 and accordingly
the stress changes at the nucleation region of an interplate
earthquake are smaller than those for Case 1, the effect on
the occurrence time of EQ2 is smaller than that for Case 1.
These results suggest that the stress changes around the nu-
cleation region of an interplate earthquake are important for
triggering of an interplate earthquake.
To see the effect of an intraslab earthquake on the occur-
rence times of EQ2 and EQ3 for Case 1, I plot T2/T1 and
T3/T1 versus Tsl/T1 in Fig. 7. For Tsl/T1 >∼ 0.2, T2/T1 is
close to Tsl/T1 because EQ2 occurs about 0.5 years after the
occurrence of an intraslab earthquake in Case 1, as seen in
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Fig. 8. The average coseismic slip amounts u2 (solid circles) and u3
(open circles) of EQ2 and EQ3, respectively, normalized by the average
coseismic slip of EQ1 u1, versus the occurrence time of an intraslab
earthquake Tsl normalized by T1 for Case 1.
Fig. 6. On the other hand, T3/T1 is always close to 1 indepen-
dent of Tsl/T1, indicating that an intraslab earthquake signiﬁ-
cantly affects only the next interplate earthquake (EQ2). The
effect of an intraslab earthquake on the magnitudes of EQ2
and EQ3 is shown in Fig. 8, where u2/u1 and u3/u1 are plot-
ted against Tsl/T1 for Case 1. Comparing Fig. 8 with Fig. 7,
I ﬁnd that u2/u1 correlates with T2/T1. When EQ2 occurs
earlier than expected due to the occurrence of an intraslab
earthquake, the coseismic slip of EQ2 becomes smaller than
usual. Figure 8 further indicates that u3 is close to u1 inde-
pendent of Tsl/T1, corresponding to u3 ≈ u1. Although I
show relations between T2/T1 or T3/T1 and Tsl/T1 and be-
tween u2/u1 or u3/u1 and Tsl/T1 for only Case 1 to avoid
redundancy, the characteristics of EQ3 are similar to those
of EQ1 (T3/T1 ≈ 1 and u3/u1 ≈ 1) for all the cases.
To see the correlation between u2/u1 and T2/T1 more
clearly, I plot u2/u1 versus T2/T1 in Fig. 9 for all simulation
results (Cases 1 to 6), indicating that the positive correlation
is established for all the cases. This is because the accumu-
lated strain energy in the source volume at the occurrence
time of EQ2 should be roughly proportional to T2. The pos-
itive correlation between u2/u1 and T2/T1 indicates that the
occurrence of EQ2 approximately obeys the slip predictable
model, in which the slip of the next earthquake can be pre-
dicted from the lapse time from the preceding earthquake
(Shimazaki and Nakata, 1980). The stress perturbations due
to an intraslab earthquake do not affect the whole strain en-
ergy of the source volume of a large interplate earthquake
but affect sliding behavior of the nucleation region and the
occurrence time of the interplate earthquake.
In the present study I examine cases where aseismic slid-
ing is enhanced by stress perturbations. It is remarked that
the occurrence time of the next interplate earthquake may be
delayed when aseismic sliding is suppressed by shear-stress
decrease due to a nearby earthquake. This is demonstrated
by Kato and Hirasawa (2000) in their numerical simulation
Fig. 9. The relative slip amount u2/u1 of EQ2 versus the relative recurrence
interval T2/T1 for Cases 1 to 6. The dotted line indicates the theoretical
relation of the slip predictable model.
for the effect of an outer rise earthquake on interplate earth-
quake cycles.
I perform some additional numerical simulations with dif-
ferent values of a − b in the seismogenic zone or different
L to conﬁrm that the simulation results are qualitatively un-
changed. The stress perturbations due to an intraslab earth-
quake usually advance the occurrence time of the next in-
terplate earthquake and reduce its magnitude. For example,
in the case of L = 20 mm with the same variations with
depth of a and b as those in Fig. 3, the time to the next inter-
plate earthquake from the occurrence of an intraslab earth-
quake is generally longer than that for L = 10 mm (Case 1).
This is probably because the critical nucleation zone size h∗
for an earthquake is longer (Eq. (8)) and an earthquake rup-
ture is harder to occur for a larger L . For still larger L , the
nucleation depth of an earthquake rupture tends to be shal-
lower (Kato and Seno, 2003) and then the distance from the
intraslab earthquake to the nucleation point of an interplate
earthquake becomes longer. Accordingly, the effect of an
intermediate-depth intraslab earthquake may be smaller for
very large L .
3.2 Aseismic sliding induced by an intraslab earth-
quake
To investigate why the occurrence time of EQ2 is ad-
vanced or delayed due to the effect of an intraslab earth-
quake, I examine sliding behavior on the plate interface at
the occurrence of an intraslab earthquake. Figure 10 shows
slip histories at six points (Fig. 2) for Tsl/T1 = 0.22 in Case
1. Slip is accelerated by the intraslab earthquake at Points 2,
3, and 4, where the shear stress on the plate interface is in-
creased and the normal stress is decreased as shown in Fig. 4.
Point 2 is located near the deeper end of the seismogenic
velocity-weakening (a − b < 0) region, and Points 3 and 4
are in the velocity-strengthening (a − b > 0) region just be-
low the seismogenic region. When shear stress is increased
in a velocity-strengthening region, aseismic sliding occurs
with a possible time delay to relax the increased stress. This
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Fig. 10. Simulated slip histories at six points on the plate interface (Figs. 2
and 4) for a time interval before and after the occurrence of an intraslab
earthquake for Tsl/T1 = 0.22 in Case 1.
aseismic sliding should increase shear stress in neighboring
regions with velocity-weakening frictional property, possi-
bly promoting the occurrence of an interplate earthquake in
the velocity-weakening region. This is the cause of signiﬁ-
cant advance of the occurrence time of interplate earthquake
(EQ2) for Tsl/T1 >∼ 0.2 in Case 1 and Tsl/T1 >∼ 0.3 in
Case 2. For this mechanism, the promotion of aseismic slid-
ing in a region next to a seismogenic region with velocity-
weakening frictional property is important, because the ac-
celerating aseismic sliding may generate stress concentra-
tion for the occurrence of seismic slip. This effect of load-
ing by aseismic sliding on the earthquake promotion may be
smaller when the shear-stress increase is small (Case 3), the
shear-stress increase appears in the locked seismogenic re-
gion (Case 4), or the region of shear-stress increase is far
from the seismogenic region (Cases 5 and 6).
Figure 11 shows slip histories at six points on the plate
interface (Figs. 2 and 4) at the occurrence of intraslab earth-
quake for Tsl/T1 = 0.08 in Case 1, where the occurrence
time of the next interplate earthquake (EQ2) is delayed (T2 =
38.6 years). The shear-stress increase due to the intraslab
earthquake increases aseismic slip rates at Points 2, 3, and 4.
This process is similar to that for Tsl/T1 = 0.22 in Case 1
(Fig. 10). However, for Tsl/T1 = 0.08 an interplate earth-
quake is not triggered by this aseismic sliding, probably be-
cause the lapse time from the preceding interplate earthquake
(EQ1) is too short to accumulate strain energy for an inter-
Fig. 11. Simulated slip histories at six points on the plate interface (Figs. 2
and 4) for a time interval before and after the occurrence of an intraslab
earthquake for Tsl/T1 = 0.08 in Case 1.
plate earthquake. Instead, an episodic aseismic slip event
occurs around the deeper end of the seismogenic velocity-
weakening (a − b < 0) region (Point 2 in Fig. 11), partially
relaxing strain energy stored in the region. This partial en-
ergy release is probably the cause of the delay of the next
interplate earthquake. It should be noted that no episodic
aseismic slip event occurs during an interseismic period in
the present model when the stress perturbations due to an
intraslab earthquake are not introduced. Kato and Hirasawa
(1999) showed that episodic aseismic slip events may occur
when nonuniform frictional property exists on an plate inter-
face.
The above discussion using simulated slip histories be-
fore and after the occurrence of an intraslab earthquake in-
dicates that induced aseismic sliding by an intraslab earth-
quake may signiﬁcantly affect the occurrence of an inter-
plate earthquake. When shear stress is increased at a region
with velocity-strengthening (a − b > 0) frictional property,
the increased shear stress cannot be held for a long time but
aseismic sliding occurs with a possible time delay to relax
the shear stress. If the region of induced aseismic sliding is
close to a seismogenic zone, it may cause stress concentra-
tion at a seismogenic zone, possibly resulting in the trigger
of the next interplate earthquake. On the other hand, when
shear stress is increased at a region with velocity-weakening
(a − b < 0) frictional property, signiﬁcant aseismic sliding
may not occur because the plate interface is strongly locked
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at the region. In this case, the effect of stress perturbation
on the occurrence of the next interplate earthquake is rela-
tively small, as shown for Case 4 in Fig. 6, except when the
induced shear-stress change is close to the stress drop of an
interplate earthquake or when the accumulated stress there is
already close to the failure stress.
4. Summary and Discussion
Numerical simulation using a rate- and state-dependent
friction law is done for understanding the effect of an in-
termediate depth intraslab earthquake on seismic cycles of
interplate earthquakes at a subduction zone. The simulation
result indicates that the occurrence time of the next interplate
earthquake is signiﬁcantly advanced when shear stress is in-
creased around the region of slip nucleation of an interplate
earthquake. Shear-stress increase at a region of velocity-
strengthening frictional property may be important because
the increased shear stress cannot be held for a long time
but aseismic sliding should take place to relax the stress,
increasing shear stress at the neighboring locked regions.
When the occurrence time of an interplate earthquake is ad-
vanced due to the stress perturbations by an intraslab earth-
quake, the magnitude of the interplate earthquake tends to be
small. This suggests that the recurrence of interplate earth-
quakes obeys the slip predictable model rather than the time
predictable model when stress perturbations due to nearby
earthquakes control the occurrence times of interplate earth-
quakes.
Mogi (1973) reported that large compressional deep fo-
cus earthquakes sometimes preceded large interplate earth-
quakes at western Paciﬁc subduction zones. He speculated
that a deep compressional earthquake pulls the slab, result-
ing in the promotion of thrust of plate interface and trigger-
ing an interplate earthquake. However, the present simula-
tion suggests that the occurrence of an interplate earthquake
is signiﬁcantly affected only when a large intraslab earth-
quake occurs just below the nucleation depth of an interplate
earthquake. It seems to be difﬁcult to explain the Mogi’s
observations by the present model of the induced aseismic
frictional sliding by stress perturbations.
Lay et al. (1989) reported that tensional intermediate
depth intraslab earthquakes usually occur and compressional
ones are relatively quiescent before the occurrence of a large
interplate earthquake at subduction zones. This can be un-
derstood by that the intraslab compressional stress is de-
creased when a shallower part of plate interface is locked and
a deeper part is creeping. However, the 1978 Miyagi-Oki
interplate earthquake was preceded by two large compres-
sional intraslab earthquakes of M = 5.8, 1977, and M = 6.7,
1978 (Takagi, 1980; Choy and Boatwright, 1982). The 2003
Miyagi-Oki compressional intraslab earthquake (M = 7.1)
followed a M = 6.3 shallow interplate earthquake (Fig. 1),
which was accompanied by siginiﬁcant postseismic sliding
(Miura et al., 2003). This interplate earthquake and postseis-
mic sliding should cause compressional stress in the slab,
possibly promoting the occurrence of the compressional in-
traslab earthquake (Kato and Hirasawa, 1999). This suggests
that stress perturbations due to aseismic sliding and inter-
actions between interplate earthquakes and intraslab earth-
quakes are important for earthquake occurrence.
Finally, I discuss a possible effect of the May, 2003,
Miyagi-Oki intraslab earthquake on the next Miyagi-Oki in-
terplate earthquake. About 1 year before the occurrence of
the 1978 Miyagi-Oki interplate earthquake, a M = 5.8 in-
traslab earthquake occurred just below the source area of
the interplate earthquake. The location of the M = 5.8
earthquake corresponds to those of Cases 1–3 in the present
model, and the present simulation result suggests that the in-
traslab earthquake might promote the occurrence of the 1978
Miyagi-Oki interplate earthquake. Case 1 of the present 2D
model resembles the 2003 Miyagi-Oki intraslab earthquake,
and the simulation result suggests that the next interplate
earthquake occurs about 0.5 year later from the occurrence
of the intraslab earthquake. However, the present model is
simpliﬁed too much to apply directly to the real Miyagi-Oki
case. Firstly, the 2003 intraslab earthquake was not located
at a simply deeper extension of the hypothetical source area
of the Miyagi-Oki interplate earthquake but it is about 30
km distant in the direction parallel to the trench axis from
the deeper extension of the epicenter of the 1978 Miyagi-
Oki interplate earthquake (Fig. 1). The February 1978 in-
traslab earthquake of M = 6.7 was not located at a sim-
ply deeper extension of the June 1978 interplate earthquake
of M = 7.4, either. Accordingly, the stress changes due
to the intraslab earthquakes at the nucleation area of the in-
terplate earthquake are signiﬁcantly smaller than those for
Case 1. Moreover, the three-dimensional location of the in-
terplate earthquake relative to the intraplate earthquake sig-
niﬁcantly affects the pattern of stress changes. Rigorously
speaking, 2D model is not appropriate for the 2003 intraslab
earthquake or the February 1978 intraslab earthquake but it
seems to work for the relation between the 1978 Miyagi-
Oki interplate earthquake and the 1977 intraslab earthquake.
Secondary, the rupture of the interplate earthquake starts
near the deeper end of the seismogenic zone with velocity-
weakening frictional property in the present model. In the
1978 Miyagi-Oki interplate earthquake, the rupture started
in a shallower part of the source area as shown in Fig. 1
(e.g., Seno et al., 1980; Yamanaka and Kikuchi, 2004), and
therefore the stress perturbations near the deeper end of the
seismogenic zone due to the intraslab earthquake may have
little effect. Since nonuniformity in frictional property on the
plate interface may affect the rupture initiation point (Kato
and Seno, 2003), nonuniformity should be taken into consid-
eration in future studies for more precise forecast. Thirdly,
Yamanaka and Kikuchi (2004) determined the source area
of the 1936 Miyagi-Oki earthquake, which was regarded as
the same type earthquake as the 1978 Miyagi-Oki interplate
earthquake when the recurrence model of Miyagi-Oki earth-
quakes was established (Earthquake Research Committee,
2000), to be different from that of the 1978 Miyagi-Oki in-
terplate earthquake. This suggests that the average recur-
rence interval of 37.1 years estimated for the Miyagi-Oki in-
terplate earthquakes, which is assumed in the present model,
is questionable. Thus the present model may be too simple
to apply to the forecast of the next Miyagi-Oki earthquake.
A model with two-dimensional plate interface with nonuni-
form frictional property that can explain the source processes
of both the 1936 and 1978 Miyagi-Oki earthquakes and pre-
cise earthquake history are required for a realistic forecast.
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